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Abstract 
The study presents a mathematical investigation on the potential to provide electricity of different solar Organic Rankine 
Cycle systems and of a photovoltaic system. As input data for all the systems, were considered multiannual climatic data 
for Cluj-Napoca, Romania. The solar field was considered in three configurations based on flat collectors, on evacuated 
tubes collectors and on parabolic trough collectors. The Organic Rankine Cycle was modelled for three working fluids 
considering the thermal regime typical for each type of solar collectors. It was found that the maximum electric power 
for the solar thermal systems was situated in the range of (58.57 … 86.57) W/m2 of solar collector and for the 
photovoltaic system was of 103.06 W/m2 of photovoltaic collector. The maximum global efficiencies of the investigated 
solar thermal systems was situated in the range of (6.73 … 10.23)% while for the photovoltaic system was of 10.81%. 
Between the solar thermal systems, the most efficient proved to be the one based on evacuated tubes collectors. 
Additionally it was investigated an existing solar thermal system based on heat pipes solar collectors, located in the 
vicinity of Timişoara, Romania which left without consumers and in need to be converted into an electrical system. 
©2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee EENVIRO 2015. 
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1. Introduction 
In Romania, the capacity of electricity generation from renewable energies has constantly increased over the last 10 
years, when the share of electric energy from renewable sources grows in (2004…2013) from 28% to 37.5% [1,2]. 
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The use of solar energy has become one of the most important options in reducing fuel consumption and related 
emissions [3]. 
In recent years, the Organic Rankine Cycle (ORC) has become a promising technology capable to convert the 
solar radiation into electricity and became a solid alternative to classical photovoltaic (PV) systems. ORC use high 
molecular mass organic fluids that evaporate at low temperatures. Compared with the conventional PV systems, the 
ORC has the ability of scaling to smaller unit sizes and higher efficiencies during low ambient temperatures [4]. 
Many solar ORC options are possible from different points of view: concentrated and non-concentrated solar 
field type, storage methods and medium, the type of heat transfer from the hot source by direct evaporation or by 
heat transfer fluid, the type of the thermodynamic cycle (regenerative or non-regenerative), the type of the organic 
fluid (pure or mixture, subcritical or supercritical), etc. 
The solar thermal collectors coupled with ORC systems are of different types: flat thermal collectors (FTC), 
evacuated tubes collectors (ETC), heat pipes collectors (HPC), parabolic trough collectors (PTC), etc. 
Many numerical investigations and experiments were dedicated to the study of electricity production in ORC 
with solar thermal collectors. The performances of regenerative solar ORC powered with FTC were investigated 
considering four fluids: R245fa, R123, isobutane and R134a [5]. R245fa and R123a were found to be the most 
suitable. Experimental study using both pure fluid and zeotropic mixtures revealed high efficiencies for zeotropic 
mixtures [6]. A novel system with PTC and transcritical ORC was proposed for electricity and water desalination 
[7]. A system based on two stage collector with FTC and ETC, with phase change materials storage system was 
proposed in [8].  
This evaluation is continuing the previous studies in the field of solar energy and its applications, at the Technical 
University of Cluj-Napoca [9-12]. 
This study is presenting a detailed procedure for evaluating the potential of solar ORC and PV systems to provide 
electricity under local climatic conditions. Solar ORC capability was evaluated with three types of solar thermal 
collectors: FTC, ETC and PTC and with the following working fluids: RC318, R245fa, R600a, acetone, MM and 
cyclohexane. It is also presented the case study of an existent thermal solar system based on HPC actually mounted 
but unused because the dedicated heat consumer is no longer exiting. It was investigated the possibility to convert 
this system into an electric solar ORC system. 
2. Material and method 
The evaluation of the solar ORC and PV systems potential to provide electricity was realised using as input the 
multiannual climatic data of a virtual location in Cluj-Napoca, Romania at 46.8° N latitude and 23.571° E longitude. 
The case study of an existent solar thermal system reconversion into a solar electric ORC system was realised using 
as input the multiannual climatic data of Timişoara, Romania at 45.8° N latitude and 21.26° E longitude. The exact 
location of the site is under secrecy agreement between the Technical University of Cluj-Napoca and the owner. 
The principle scheme of a solar ORC system is presented in figure 1 and the principle scheme of a PV system is 
presented in figure 2. 
 
Fig. 1. The principle scheme of a solar ORC system Fig. 2. The principle scheme of a PV system 
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The thermal system is composed from two main components: the solar thermal system and the ORC system. The 
solar field was considered to be of the following types: FTC, ETC (HPC) and PTC. The ETC and HPC technologies 
are considered to have similar performances. Heat storage equipment (not represented) is also part of the solar 
thermal system. The ORC equipment is composed of plate heat exchanger as evaporator, of expander of turbine, 
screw, scroll or another constructive type, of a condenser cooled by air or water and a pump. The condenser was 
considered to be cooled by air.  
The FTC was considered of type Vitosol 200F-SV2, manufactured by Viessmann, DE. The ETC was considered 
of type Vitosol 300 -T-SP3B, manufactured by Viessmann, DE and the PTC was considered of type PTMx-36, 
manufactured by Soltigua, IT. The existent HPC in the case study of conversion from thermal to electric solar 
system, are of type TZ58-1800-10R, manufactured by Jiangsu Sunrain Solar Energy, CH. 
The working thermal diagram Temperature (T) – entropy (s) and the corresponding characteristic thermodynamic 
states of the ORC cycle are presented in figure 3. 
 
Fig. 3. The ORC cycle (for acetone) in the T – s diagram. 1,2t,3,4t,5 – Theoretical cycle; 1,2r,3,4r,5 – Real cycle 
The PV collector is proving the DC electricity transformed into AC electricity by an inverter. 
The meteorological input data includes: ambient air temperature (Ta [°C]), direct solar radiation, diffuse solar 
radiation and global solar radiation on horizontal surfaces. 
The yearly variation of global radiation on horizontal plane and the ambient temperature for Cluj-Napoca and 
Timişoara are presented in figure 4. 
  
Fig. 4. Global solar radiation and ambient temperature for Cluj-Napoca (left) and for Timişoara (right) 
The total yearly global radiation on horizontal plane in Cluj-Napoca is 1268.26 kWh/m2/year and in Timişoara is 
1313.17 kWh/m2/year, representing enough potential for solar applications. 
The thermal efficiency of the thermal solar collectors (ηC [-]) was calculated for FTC, ETC and HPC as [13-17] 
and for the PTC as [18,19]: 
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where η0 [-] is the optical efficiency of the collector, a1 [W/m2K] and a2 [W/m2K2] are coefficients of heat loss,  
aT = 1 is a correction coefficient due to transverse incidence angle, aL [-] is a correction coefficient due to 
longitudinal transverse incidence angle, Ig [W/m2] is the incident total solar radiation, normal to the collectors 
surface, Tm [°C] is the average temperature of the thermal agent in the collector (equal to (Tin+Tout)/2, where Tout [°C] 
and Tin [°C] are the outlet and inlet temperature of the thermal agent) and Ta [°C] is the ambient temperature. 
The parameters of the selected FTC, EPC and HPC collectors, defined according to the European standard 
EN12975, based on the aperture area (Ap [m
2]) are presented in table 1. For the PTC collectors η0 = 0.747, aL = 
0.714 for T = 45°, and a1 = 0.64.  
                                 Table 1. Characteristics of the non-concentrators collectors 
Type Model 
η0 a1 a2 Aperture 
[-] [W/m2K] [W/m2K] [m2] 
FTC Vitosol 200F-SV2 0.793 4.040 0.0182 2.330 
EPC Vitosol 300 -T-SP3B 0.802 1.370 0.0068 3.190 
HPC TZ58-1800-10R 0.734 1.529 0.0166 0.936 
The average temperature of the thermal agent was considered Tm = 90°C for the FTC, EPC and HPC collectors 
and Tm = 200°C for the PTC collectors. 
The global solar radiation, normal at the collectors surface, was calculated based on a consecrated algorithm [15, 
10], that calculates the following data: Day angle; Declination of the Sun; Equation of time; Mean local time; Solar 
time; Hour angle of the Sun; The angle of the solar altitude; The angle of the solar azimuth; Solar angle of incidence 
on a tilted surface; Global solar radiation on a tilted surface; Direct normal radiation on a tilted surface; Diffuse 
normal radiation an a tilted surface; Reflected normal radiation on a tilted surface. This algorithm provides errors at 
low values of solar altitudes, so it was applied only for solar altitudes higher than 15°. For lower angles, the thermal 
efficiency of the thermal solar collectors (η) was considered 0%. 
The calculation of the global solar radiation, normal at the surface of collectors, was realised using the web based 
software [20]. 
The specific thermal power provided by the solar collectors (Qev [W/m2]), reported at the collectors unit of 
surface, was calculated as: 
cgev IQ K   (3) 
The selection of the organic fluids and working conditions of the solar ORC has important effect on the system 
operation and of its energy efficiency. The temperature of the heat source and the slope of the temperature-entropy 
diagram were used as the main criteria for fluid selection [21].  
The molar mass (M), the critical temperature (tcr), the critical pressure (pcr), the global warming potential (GWP) 
and the ozone depletion potential (ODP) of the selected fluids are presented in table 2: 
                                Table 2. Properties of working fluids 
Fluid Fluid type 
M 
[kg/kmol] 
Tcr 
[0C] 
pcr 
[bar] 
GWP ODP 
RC318 dry 200.03 115.2 27.78 10.25 0 
R245fa isentropic 72.149 154.01 36.51 950 0 
R600a dry 58.12 135 36.47 20 0 
acetone isentropic 58.08 235 47 N/A N/A 
MM dry 162.4 245.6 19.39 N/A N/A 
cyclohexane dry 84.16 280.5 40.75 N/A N/A 
The condensing temperature (TC [°C]) was calculated as TC = Ta + 15°C, which is typical for air cooled 
condensers. The isentropic efficiency of both expander and pump were considered as ηis,exp = ηis,pump = 0.8. 
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The thermal efficiency of the ORC (ηORC [-]) was calculated as: 
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where “h” is the notation used for the enthalpies of the working fluid in the characteristic states. 
The higher values of cycle efficiencies were obtained for R600a with FTC or ETC and for acetone with PTC. 
These two fluids were considered as follows. By data interpolation, it was calculated the dependency of thermal 
efficiency of ORC (ηORC [-]) by the ambient temperature. 
For the FTC and EPC (HPC) it was obtained: 
3827 109552.31086824.500167592.012417.0 aaaORC TTT  K  (5) 
For the PTC it was obtained: 
3926 1019609.61005207.100123902.0239568.0 aaaORC TTT  K  (6) 
The provided specific electric power (P [W/m2]), reported at the surface unit of the collectors was calculated as: 
gcORC IP  KK   (7) 
The whole system efficiency (ηS [-]) was calculated as: 
g
S I
P K   (8) 
It were also performed the calculations concerning the PV system. 
The electric efficiency of the PV collectors (ηPV [-]) was calculated as: 
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where TrefK = 0.11 (0.104 … 0.124) [24, 25] is the electrical efficiency at the reference temperature,  refref TT  01E = 0.04 (0.032 … 0.0046) [22] is the temperature coefficient, T0 [°C] is the high temperature at 
which the PV module’s electrical efficiency drops to zero, Tref  = 28°C  [22, 23] is the reference temperature, Ta [°C] 
is the ambient temperature, TNOCT = 20 °C [23] is the normal operating cell temperature and IgNOCT = 800 W/m2  [23] 
is the nominal global solar radiation. 
The global electric efficiency of the PV system (ηgPVs [-]) was calculated as: 
ACDCPVgPV  KKK   (10) 
where ηDC-AC [-] is the efficiency of the conversion from DC electricity to the AC electricity and was reported as 
86% [24] or  between (80…95)% [25]. The efficiency of the conversion from DC electricity to the AC electricity 
was considered function of the global radiation (Ig [W/m2]) as follows:  
for Ig < 300 W/m2 => ηDC-AC = 80%;  
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for Ig = (300…500) W/m2 => ηDC-AC = 85%; 
for Ig = (500…800) W/m2 => ηDC-AC = 90%; 
for Ig > 800 W/m2 => ηDC-AC = 95%. 
The specific electric power provided by the photovoltaic system (PPV [W/m2]), reported at the unit of PV 
collector surface was calculated as: 
gPVgtPV IP K   (11) 
In the case study of reconversion from the existing thermal solar system into an electric solar ORC system, the 
thermal solar field is composed by 800 HPC of 10 solar heat pipes each. The total aperture area of the system is A = 
748.8 m2. 
Due to organisational restructuration, at the moment, the existing solar thermal system remained without heat 
consumers as is actually unused. 
In these conditions the owner requested the reconversion into an electric system and ORC equipment was 
proposed to convert the available solar heat into electric power. 
The electric power of the reconverted solar system (PR [kW]) was calculated as: 
1000
AI
P ACDCgORCcR
 KKK   (12) 
The total electric energy production of the reconverted solar system was calculated as the sum of the hourly 
cooling power for the whole number of hours in a year. 
3. Results and discussions 
The presented mathematical models were implemented in Excel and were calculated for all the 8760 hours in a year. 
The thermal efficiencies of the solar thermal collectors and the electric efficiency of the PV collectors are 
presented in figure 6. 
The thermal efficiency of the FTC is lower the once of the ETC because of the greater heat loses. The thermal 
efficiency of the PTC is the lower because due to the high temperature of the solar thermal agent, the thermal loses 
are higher comparing to the other two types of collectors. The maximum thermal efficiencies of the different 
technologies were found as follows: FTC of 59.04%, ETC / HPC of 73.65%, PTC of 41.28%. 
The thermal efficiencies of the ORC are presented in figure 7. The working fluid is R600a for the FTC and ETC 
systems and acetone for the PTC system. 
  
Fig. 6. Thermal efficiencies of the solar thermal collectors and 
the electric efficiency of the PV collectors 
Fig. 7. Thermal efficiencies of the ORC 
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The thermal efficiencies of the FTC and of the ETC systems are similar because the thermal regime of the solar 
working agent was also considered similar. The thermal efficiency of the ORC with PTC collector is much higher 
because of the considerable higher temperature of the solar working fluid. The maximum thermal efficiencies of 
ORC were found as follows: FTC / ETC / HPC of 15.52% and PTC of 26.29%. 
The global electric efficiencies of solar ORC systems and of PV system are presented in figure 8. 
The global electric efficiency of the PTC solar ORC system is the closest to the PV system, followed by the ETC 
solar ORC. The maximum global electric efficiencies of the different technologies were found as follows: FTC of 
6.73%, ETC / HPC of 10.23%, PTC of 9.22% and PV of 10.81%. 
The specific electric power provided by each surface unit of solar collector is presented in figure 9. 
 
Fig. 8. Global electric efficiencies of the solar ORC systems 
and of the PV system 
Fig. 9. Specific electric power of the solar ORC systems and of 
the PV system 
The maximum specific electric power provided by each system, in the whole one year period is as follow:  
For the FTC solar ORC system 58.57 W/m2 of solar collector; 
For the ETC solar ORC system 77.05 W/m2 of solar collector; 
For the PTC solar ORC system 86.57 W/m2 of solar collector; 
For the PV system 103.06 W/m2 of solar collector. 
The total electric energy produced over one year, is presented in figure 10. 
 
Fig. 10. Total electric energy produced over one year 
It can be observed that over one year period, the total electric energy provided by the ETC solar ORC system is 
similar with the total electric energy provided by the PTC solar ORC system and even slighter greater, but the 
difference is very low. The surprising finding that the low tech ETC solar ORC system have similar or better overall 
performance with the high tech PTC system can be explained by the higher efficiency of the PTC system under high 
solar radiation and higher efficiency of the ETC system under low ambient temperatures. The PTC system has lower 
performances under low ambient temperature and the ETC system has lower performances under low solar 
radiation. Over one year period the advantages and disadvantages of the two systems proved to be balanced through 
almost similar one year electric energy production with a small advantage for the ETC solar ORC system. This 
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finding that can be appreciated as unexpected, highlight that PTC are recommended for regions with high solar 
radiation and relative high ambient temperatures, while ETC are recommended for regions with lower solar 
radiation and lower ambient temperatures. For the particular climate conditions of Romania, the ETC is 
recommended comparing to PTC.  
The results of the case study of reconversion from the existing thermal solar system into an electric solar ORC 
system are presented as follows. 
The one year maximum value of the HPC thermal efficiency is of 63.41%. The maximum value of the thermal 
efficiency of the ORC is of 15.15%. 
The global electric efficiency of the solar ORC system is presented in figure 11 and the electric power provided 
by the solar ORC system is presented in figure 12. 
  
Fig. 11. The global electric efficiency of the solar ORC Fig. 12. The electric power provided by the solar ORC 
The maximum global electric efficiency of the solar ORC system is of 7.69%. The maximum electric power 
provided by the solar ORC system is of 49.88 kW, while the maximum specific power reported at the unit of the 
solar collector surface is of 66.62 kW/m2. 
The one year electric power provided by the solar ORC system is presented in figure 13 and the electric power 
duration curve is presented in figure 14. 
 
Fig. 13. The electric power provided by the solar ORC Fig. 14. The electric power duration curve of the solar ORC 
By analysing the figures 12-14, it can be concluded that the recommended power of the ORC equipment should 
be of (10-15) kW, to ensure enough number of operating hours to ensure the economic feasibility of the system. The 
excess of thermal energy not converted into electricity should be stored in a correctly dimensioned hot solar working 
fluid storage tank and will be used during the night or during the periods without enough solar radiation. With this 
design the solar ORC system will be capable to operate almost constant and could provide a constant share of 
electricity into the grid of the owner. 
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4. Conclusions 
The study proved that under the climatic conditions of Romania, the solar energy presents very good potential to 
provide electricity both by ORC systems and by PV system. 
The total yearly global radiation on horizontal plane in Cluj-Napoca is 1268.26 kWh/m2/year and in Timişoara is 
1313.17 kWh/m2/year, representing a considerable potential for solar applications. 
All the thermal solar ORC technologies and PV technology presents technical parameters in good agreement with 
the available literature. FTC ORC can operate with the maximum global electric efficiency of 6.73%, ETC (HPC) 
ORC can operate with the maximum global electric efficiency of 10.23%, PTC ORC can operate with the maximum 
global electric efficiency of 9.22% and PV can operate with the maximum global electric efficiency of 10.81%. 
A surprising finding was that ETC (HPC) ORC can provide similar or more electric energy than the more 
complex technology of PTC ORC. This achievement was explained by the balance between high efficiency of PTC 
at high solar radiation and the high efficiency of ETC (HPC) at low ambient temperatures. Practically the 
advantages and the disadvantages of the PTC and ETC (HPC) are almost perfectly balanced in the climatic 
conditions of Romania. 
It was highlighted that for the particular climate conditions of Romania, the ETC (HPC) are recommended 
comparing to PTC. 
The maximum specific electric powers provided by the investigated technologies are as follows: FTC ORC of 
5857 W/m2 of solar collector, ETC / HPC ORC of 77.05 W/m2 of solar collector kW, PTC ORC of 86.57 W/m2 of 
solar collector, PV of 103.06 W/m2 of solar collector. 
It was also investigated a case study of reconversion from an existing thermal solar system into an electric solar 
ORC system and it proved to be possible. The existing thermal solar system of HPC type with the total aperture area 
of 748.8 m2, remained without heat consumers, was found to be capable to provide almost constantly day and night, 
almost all the year (10…15) kW of electric power . 
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